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ABSTRACT 
The  purpose  of  this  paper  is  to  present  a  communications  system 
which  uses  a  combination  of  single  and  double- sideband  techniques. 
Audio  intelligence  information  is  transmitted  via  single  sideband  and 
a  single  frequency  tone  is  transmitted  via  double  sideband  to  provide 
a  means  of  carrier- frequency  reinsertion  at  the  receiving  terminal. 
This  system  provides  the  power  and  spectrum  conservation  achieved  by 
single-sideband  techniques,  and  the  means  of  obtaining  the  proper 
frequency  for  carrier  reinsertion  at  the  receiver  which  can  be  ob- 
tained by  synchronous  reception  of  the  double- sideband  information. 
The  carrier  frequency,  which  is  common  to  both  the  single  and  double- 
sideband  signals  during  the  generation  process  at  the  transmitter,  is 
suppressed  to  the  fullest  possible  extent  prior  to  the  actual  trans- 
mission of  the  sidebands.   Use  of  a  narrow  bandwidth  filter  for  the 
double  sidebands  at  the  receiver  allows  the  synchronizing  tone  to  be 
transmitted  at  a  level  much  lower  than  that  of  the  intelligence-bearing 
single  sideband,  providing  economy  of  transmitted  power.   The  inherent 
automatic-frequency-control  feature  of  the  synchronous  detector  allows 
system  frequency  stability  requirements  to  be  lessened,  and  provides 
rapid  frequency  correction  to  overcome  Doppler  frequency  shifts. 

The  system  presented  herein  was  originally  proposed  by  Professor 
P.  E.  Cooper.   The  writer  gratefully  acknowledges  the  guidance  and 
editorial  assistance  given  him  by  Professor  P.  E.  Cooper  a.nd  Professor 
D.  B.  Hoi.;  i  i>  ;t<  in. 
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CHAPTER  I 
INTRODUCTION 

For  many  years  radio  communications  involving  the  transmission 
and  reception  of  voice  information  have  used  the  method  of  amplitude 
modulation  in  which  the  transmitted  signal  consists  of  a  radio-fre- 
quency carrier,  and  two  sidebands  which  contain  the  information.   The 
receiving  terminal  contains  a  detector  which  uses  the  carrier  and  the 
sidebands  to  demodulate  this  information.   Under  conditions  of  maximum 
modulation  the  power  contained  in  each  sideband  is  one-quarter  of  the 
power  transmitted  at  the  carrier  frequency.   Since  the  same  information 
is  contained  in  each  of  the  two  sidebands,  the  effective  transmitted 
power  which  conveys  the  necessary  information  is  contained  in  only  one 
sideband  and  is  one-sixth  of  the  total  power  radiated  by  the  transmitter. 

Another  means  of  transmitting  voice  information  is  known  as  single 
sideband  suppressed  carrier,  or  more  common  as  single  sideband.   This 
method  eliminates  the  carrier  and  one  of  the  two  sidebands  which  were 
used  for  the  conventional  amplitude-modulation  process.   The  power 
eliminated  from  the  carrier  and  suppressed  sideband  may  be  used  to 
increase  the  power  in  the  one  remaining  sideband  which  now  conveys  the 
intelligence.  Although  the  carrier  which  is  transmitted  in  the  ampli- 
tude-modulation system  does  not  contain  any  of  the  voice  information, 
it  does  provide  the  receiving  demodulator  with  information  concerning 
its  frequency  and  phase,  thus  enabling  demodulation  by  simple  rectifying 
methods.   With  single- sideband  transmission  this  carrier  is  not  present, 
requiring  that  the  receiver  demodulator  obtain  this  phase  and  frequency 
information  from  an  oscillator  located  in  the  receiver,  which  is  closely 
synchronized  with  the  frequency  determining  oscillator  in  the  single- 


sideband  transm:       Studies  have  been  mi  ;nine  V  bent 

of  frequency  synchronization  required  to  obtain  a  demodulator  output 
which  permits  recovery  of  the  transmitted  speech  information.   Results 
of  these  studies  are  contained  in  references  [10]  and  [21],  A  maximum 
deviation  of  about  50  cycles  per  second  has  been  found  to  be  permissible, 
requiring  that  the  frequency  determining  elements  of  both  the  trans- 
mitter and  the  receiver  be  extremely  stable  if  satisfactory  communi- 
cations are  to  be  achieved  by  the  use  of  single-sideband  techniques. 
If  it  is  desired  to  communicate  with  high-speed  aircraft,  the  frequency 
agreement  between  the  transmitter  and  the  receiver  must  be  better  than 
50  cycles  per  second,  as  the  Doppler  effect  causes  an  additional  fre- 
quency shift  which  can  be  as  much  as  90  cycles  per  second  for  aircraft 
speeds  of  Mach  three  at  frequencies  near  30  megacycles  per  second. 

The  commercial  communications  companies  and  the  military  services 
have  been  using  single- sideband  methods  rather  extensively  for  fixed- 
station,  point-to-point  service  during  the  past  two  decades.   The 
recent  availability  of  more  compact,  stable  frequency  determining 
elements  has  permitted  single- sideband  equipments  to  be  constructed 
for  mobile,  shipboard,  and  airborne  applications.   These  frequency 
determining  elements  are  costly  and  complex,  particularly  for  military 
requirements  where  they  must  permit  operation  in  large  numbers  of 
channels  over  a  very  wide  range  of  frequencies. 

Another  method  of  voice  communications  which  has  gained  some 
popularity  during  the  past  few  years  involves  the  transmission  of  a 
signal  identical  to  that  of  conventional  amplitude  modulation  except 
that  the  carrier  frequency  is  removed.   This  method  is  known  as  double- 
sideband  suppressed  carrier,  or  more  commonly,  double  sideband.  Al- 


though  'ectrum 

of  single- sidebai  ;  the  carrier 

frequency  and  phase  ca,  d  from  bl      to   sidebands  by  the  use 

of  phase-locked  synchronous       cion  techniques,  as  shown  by  Costas 
[k] .   The  accuracy  of  synchronism  between  the  transmitter  and  receiver 
frequency  determining  elements  as  required  for  single-sideband  usage 
can  be  lessened  when  double- sideband  transmission  is  employed,  as  the 
synchronous  detector  can  provide  much  of  the  required  frequency  and 
phase  information. 

The  purpose  of  this  paper  is  to  present  a  hybrid- sideband  communi- 
cations system  which  utilizes  a  combination  of  both  the  double  and 
single- sideband  techniques  in  order  to  achieve  the  power  and  spectrum 
conservation  features  of  single  sideband,  and  the  frequency  and  phase 
information  transmission  feature  of  double  sideband.   This  system 
transmits  the  voice  (intelligence)  information  in  a  single  sideband, 
and  a  single- frequency  tone  on  double  sidebands  for  receiver  synchro- 
nizing.  The  additional  frequency  spectrum  required  for  this  hybrid 
method  is  only  550  cycles  per  second  greater  than  that  required  for 
pure  single- sideband  transmission.   Power  in  each  of  the  two  sidebands 
used  for  synchronizing  can  be  reduced  to  a  level  30  decibels  less  than 
that  contained  in  the  intelligence-bearing  single  sideband,  so  that  the 
additional  power  required  to  achieve  the  automatic  synchronizing 
feature  is  comparatively  small. 

The  configuration  of  the  circuitry  required  for  the  phase-locked 
synchronous  detector  permits  simultaneous  single-sideband  reception  to 
be  obtained  by  the  phasing  method  described  by  Norgaard  [l]  with  only 
a  relatively  few  additional  components  required.   This  feature,  in  con- 


junction  with  the  reduced  frequency  stability  required  with  the  hy- 
brid sideband  system,  should  allow  more  economical  construction  of  the 
transmitters  and  receivers  than  is  possible  for  comparable  single- 
sideband  equipments.   Also,  the  inherent  automatic-frequency-control 
feature  of  the  phase-locked  synchronous  detector  will  provide  rapid 
correction  for  frequency  shifts  caused  by  Doppler  effect. 

Figure  1  shows  the  output  spectrum  of  the  hybrid  sideband  system 
modulator  when  the  audio  frequency  synchronizing  tone  is  of  lower  fre- 
quency than  the  frequencies  which  contain  the  intelligence  information. 
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FREQU£NC  V  SPtcTtUM  oF  HYBRID  5l$NfiL 

FIGURE  I 

Normally,  the  carrier  frequency  employed  in  the  modulator  will  be  on 
the  order  of  hundreds -of -kilocycles  per  second,  as  sideband  filtering 
can  be  most  easily  accomplished  in  this  frequency  range.   The  output 
frequency  of  the  basic  modulator  is  translated  to  the  actual  radiating 
frequency  by  means  of  mixer  circuitry.   The  mixer  and  all  succeeding 
amplifier  stages  must  necessarily  be  capable  of  linear  operation  in 
order  to  faithfully  transmit  the  modulated  signal. 

The  modulator  portion  of  the  hybrid  sideband  system  must  perform 
the  following  functions: 

A.  Accept  the  intelligence  information  in  the  form  of  an  audio- 
frequency voltage. 

B.  Generate  the  radio-frequency  carrier  signal. 


C.  Modulate  the  radio- frequency  carrier  with  the  intelligence 
information. 

D.  Remove  the  carrier-frequency  component  from  the  modulated 
signal. 

E.  Remove  one  of  the  two  sidebands  which  were  generated  during 
the  modulation  process. 

F.  Generate  a  single  audio- frequency  signal. 

G.  Modulate  the  radio-frequency  carrier  with  the  single  audio- 
frequency signal. 

H.   Remove  the  carrier- frequency  component  from  this  modulated 

signal. 
I.   Combine  the  resultant  signals  which  were  obtained  in  (E)  and 

(H)  above. 
The  demodulator  portion  of  the  hybrid  sideband  system  must  perform 
the  following  functions: 

A.  Accept  the  received  signal  of  the  form  shown  in  Figure  1. 

B.  Obtain  information  regarding  the  frequency  and  phase  of  the 
carrier  from  the  double- sideband  components  of  the  received 
signal,  and  use  this  information  to  provide  a  reinsertion 
carrier  of  the  proper  frequency  and  phase.   This  phase 
information  is  not  required  for  reception  of  voice  information, 
however,  this  feature  is  inherent  in  the  synchronous  detector 
and  will  be  required  if  binary  data  reception  should  be  desired, 

C.  Suppress  the  single-tone  audio  frequency  which  was  used  for 
step  (b)  in  order  that  it  will  not  be  combined  with  the  re- 
covered intelligence  information. 

D.  Provide  a  means  to  achieve  the  minimum  spectral  bandwidth  re- 
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quired  for  the  demodulation  of  the  intelligence  information. 

E.  Provide  a  means  for  accepting  intelligence  which  is  selec- 
tively transmitted  in  either  the  upper  or  lower  sideband 
position,  while  maintaining  the  minimum  bandwidth  requirements. 

F.  Amplify  and  transform  impedances  to  enable  the  intelligence 
information  to  be  accurately  reproduced  by  an  audio  transducer. 

G.  Provide  sufficient  frequency  selectivity  in  the  circuitry 
associated  with  the  carrier  synchronizing  to  permit  the  single 
frequency  audio  tone  to  be  transmitted  at  a  minimum  power  level, 

H.      Provide  an  automatic-gain-control  feature  to  allow  optimum 
operation  of  the  demodulator  under  conditions   of  wide  vari- 
ations  of  the  intensity  of  the  received  signal. 


CHAPTER  II 
OPERATION  OF  THE  HYBRID  SIDEBAND  SYSTEM 
The  transmitted  signal  is  of  the  form  shown  in  Figure  1.   The 
method  used  to  generate  this  type  of  hybrid  signal  will  "be  completely 
described  in  a  subsequent  section  of  this  paper. 

The  two  single -frequency  sidebands  which  are  equally  spaced  about 
the  reference  carrier  frequency,  CO€   ,  represent  the  output  of  a  balanced 
modulator,  or  similar  device,  and  are  of  the  form: 

(1) 

I 

The  designation,  e  ,  is  used  to  represent  that  portion  of  the  hy- 
brid signal  used  for  synchronizing  purposes. 

The  single- sideband  portion  of  the  hybrid  signal  shown  in  Figure 
1  represents  the  intelligence-bearing  component  and  can  be  described 
as  shown  below.   For  purposes  of  this  treatment  the  transmitted  infor- 
mation will  be  considered  as  a  single  frequency,  since  the  actual  intel- 
ligence to  be  transmitted  can  be  represented  as  a  series  of  single 
frequencies  as  determined  by  its  Fourier  components. 


(2)  Coi      +<*>y 


The  hybrid  signal  as  transmitted  is  comprised  of  both  the  synchro- 
nizing information  designated  as  e  ,  and  the  intelligence  information 

designated  as  e  ,  and  is  of  the  form: 

i 

(3)    e,  -    „  *«*4-)t  +m^c  Lo$(        >t -j- M 

Where  e.  represents  the  transmitted  signal  used  with  the  hybrid 
communications  system. 


: 


A  "block  diagram  of  the  demodulator  is  shown  in  Figure  2.   The  input 
to  this  demodulator  circuitry  can  he  either  at  the  transmitted  or  at  an 
intermediate  frequency.   Both  of  these  possible  usuages  will  he  described 
in  a  latter  portion  of  this  chapter,  however,  operation  at  the  radio 
carrier  (transmitted)  frequency  will  he  assumed  for  this  analysis.   It 
will  he  shown  that  identical  results  are  obtained  for  intermediate-fre- 
quency employment  if  the  radio- frequency  portion  of  the  receiver  cir- 
cuitry is  capable  of  linear  amplification  without  non-linear  phase  shifts 
throughout  the  passband  required  for  the  hybrid  signal. 
SIGNAL  PATH  ANALYSIS 

Reference  should  be  made  to  Figure  2  for  the  following  signal  path 
analysis . 

The  received  hybrid  signal,  e ,  ,  is  applied  to  the  inputs  of  a  pair 
of  identical  product  detectors.   A  reinserted  carrier  is  also  applied  to 
these  detectors  through  a  phase  shifting  network.   The  detector  shown 
as  "I  Channel"  receives  this  carrier  in  phase  synchronism  with  the 
carrier,  CO-   ,  which  was  used  for  the  generation  of  the  hybrid  signal  in 
the  modulator  portion  of  the  transmitter.   The  detector  shown  as  "Q  Chan- 
nel" receives  the  reinserted  carrier  after  it  has  been  phase-shifted  by 
ninety  degrees  from  that  applied  to  the  I  channel  detector.   These  two 
reinserted  carriers  are  represented  as: 


oo       eci  =  A  Cos  toct 


(5) 


ec$  =  8  Si-*  <oct 


The  method  used  to  obtain  this  phase  synchronized  reinsertion 
carrier  will  be  described  in  a  later  section  of  this  chapter. 
The  I  channel  product  detector  receives  the  two  signals: 


s 

(7)         , 

Norgaard  [l],  has  shown  that  the  output  of  a  product  detector  may 
he  expressed  as  the  mathematical  product  of  the  two  input  signals.   The 
output  of  this  I  channel  product  detector  is: 

(8)  et .  =  ct  *  ec; 

*f[     r^  Co  fa*  c     }      ) 

+   MAEC    Cci  (uJc  +LJC  tc;.  Cos  (  ( 

o 


which  simplifies  to: 

eCt  -   M*  \j  Cos  (2H+H)C  +  *  (  i  ;  (2 u>e- u,s)t 

4  M  Cos  (2^£tu>,)t  +  M  Cti  c 


(9) 


The  Q  channel  product  detector  receives  the  two  signals 

(io)  et=  —  'j(6/c- 

Output  from  this  detector  is: 

(12)   e0^=  et«eCJr 

Using  the  trigonometric  relationship: 

(13)   Sl«xCoj/=  7     Sjn(Xty)  +  Sln(X- 
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Which   simplifies   to: 

(15)  ^c  '  §5.  f- S.       [j)c-  &  Sinult  +  5"  Si 


c 


i"  t  jin c 


A  low-pass  filter  with  a  cutoff  frequency  greater  than  OJ     ,   but 
less  than  cj   is  placed  at  the  output  of  each  of  the  product  detectors. 
Figure  2  indicates  this  filter  placement.   The  amplitude  and  phase 
characteristics  of  these  filters  must  be  nearly  identical  in  order  that 
the  I  and  Q  channels  will  be  symmetrical.   Ideal  filters  are  assumed  for 
this  analysis.   The  effects  of  non-ideal  characteristics  will  be  treated 
in  Chapter  3- 

At  the  output  of  the  I  channel  low-pass  filter: 


(16)   ef 


Cos   *^t  +    M  CcS  cj(t 


rv>  Los  tu 


The  output  of  the  Q,  channel  low-pass  filter  is: 

(17)     ec    =    -      Sin  Ljt 
H       2 

Inspection  of  Equation  (17)  reveals  that  the  output  of  the  Q  chan- 
nel low-pass  filter  contains  no  component  of  the  synchronizing  signal, 

^j.  ,   when  the  reinserted  carrier  is  in  phase  synchronism  with  the 
carrier  used  to  generate  the  hybrid  signal. 

The  outputs  from  the  low-pass  filters  are  fed  to  the  phase-locking 
circuitry  and  to  the  phase-shifting  networks  as  can  be  seen  from  Figure 
3.   These  phase-shifting  networks  must  have  characteristics  which  remain 
substantially  constant  throughout  the  frequency  spectrum  required  for 
the  hybrid  signal.   If  practical  considerations  should  cause  difficulties 
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in  achieving  a  ninety-degree  phase  shift  at  the  lower  audio  frequency 
of  0Jf    ,    hand  rejection  filters  tuned  to  remove  this  frequency  could  he 
inserted  prior  to  the  phase-shifting  networks.   This  should  he  avoided 
when  possible  as  the  practical  difficulties  encountered  in  maintaining 
identical  phase  and  amplitude  characteristics  in  the  two  channels  become 
greatly  magnified  as  additional  filters  are  included. 

The  characteristics  of  the  phase-shifting  networks  are: 

(18)       o(=  j9  +  vo" 

where  <.j.     and  r>     are  the  phase- shifting  angles  of  the  networks 
installed  in  the  I  and  Q  channels,  respectively. 

The  input  to  the  ■.,{      network  (i  Channel)  is  e^.  as  given  in  Equa- 
tion (l6).   Output  of  this  network  is: 


Ate 


(19) 


m  v»< 


Los  {Ur-t*) t  ■+  r|  Lcs  (1    ' 


Input  to  the  Q      network  (Q  Channel)  is  e„  ,  as  given  hy  Equation 
(17).   Output  of  this  network  is: 

(»)     eB~-    -6MS  Sin(ca.t+l?) 

Rewriting  Equation  (19)  to  include  the  relationship  given  hy 
Equation  (l8): 


(21)  ea  = 


^ 


m  Gs  (u>st+p+<ie)+\\  Ccs  (<ot+p+qo)\ 

Using  the  trigonometric  relationship:  Cos  (X'fS'c  )  "  ~~  ' 

(22)  e^^L  5in  fat+f)-   M  S,n  (*itffi)\ 

The  outputs  from  the  ■■:-'■     and   .   networks  are  fed  to  an  electrical 
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adding  network  which  provides  the  mathematical  sum  of  the  e    and  e  , 


voltages  described  by  Equation   (221 )  and  (20). 

(23)5,+  . 

When  the  two  quadrature  outputs  from  the  carrier-reinsertion 
phase-shifting  network  have  equal  amplitudes,  the  coefficients  A  and 
B  are  identical.   Under  this  condition  the  output  of  the  additive  net- 
work is: 

A    I-   f  ,  /  \     \ 

(210  e.  =  -aec  m  !>,*(^t^f  ^Ji/iKt+j?) 

This  signal  is  then  passed  through  a  band-pass  filter  which  re- 
moves the  component  of  the  synchronizing  frequency,  CJL  ,  while  passing 
that  portion  of  the  frequency  spectrum  which  contains  the  intelligence 
information.   The  output  of  the  demodulator  consists  of  only  the  modu- 
lated intelligence  information  which  has  been  phase  shifted  by  an 
amount  j?   .   The  angle  $     is  arbitrary  and  constant  throughout  the 
frequency  spectrum  required  for  the  intelligence  information,  so  that 
it  has  no  effect  upon  the  demodulated  information  output. 

Theoretically  the  «X  and  p    networks  are  not  both  required  since 
they  only  serve  to  provide  a  ninety  degree  phase  difference  between 
the  I  and  Q  channel  signals.   This  function  could  be  accomplished  by 
placing  a  single  ninety  degree  phase  shift  network  in  the  I  channel. 
Norgaard  [10],  Dome  [2],  and  Darlington  [  3l  >  have  shown  that  practical 
difficulties  preclude  the  reality  of  a  network  which  provides  a  con- 
stant ninety  degree  phase  shift  over  a  wide  frequency  range.   The 
authors  have  shown  that  the  use  of  constant  phase  difference  networks 
provides  optimum  results  with  the  techniques  in  use  at  the  present  time. 
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Such  networks  are  commercially  available, 
SELECTION  OF  A  SYNCHRONIZING  FREQUENCY 

The  preceeding  example  was  "based  upon  the  use  of  a  synchronizing 
frequency  which  was  lower  than  the  range  of  frequencies  used  to  convey 
the  intelligence  information.   The  synchronizing  frequency  could  be 
located  above  the  frequency  spectrum  required  for  the  intelligence, 
however,  such  positioning  would  necessarily  increase  the  spectrum  width 
required  for  transmission  of  the  hybrid  signal.   The  effects  of  such 
positioning  are  shown  in  Figures  k   and  5. 


SYNCHRONIZING  FREQUENCY  LOWER  THAN  INTELLIGENCE  FREQUENCIES 

Figure  k 


N.  iNTEuiaeNce 

SYNCHRONIZING  FREQUENCY  HIGHER  THAN  INTELLIGENCE  FREQUENCIES 

Figure  5 
SINGLE- SIDEBAND  SELECTIVITY 

A  portion  of  the  demodulator  required  for  the  hybrid  sideband 
system,  as  shown  in  Figure  2,  is  quite  similar  to  that  given  by 
Norgaard  [l]  for  obtaining  single-sideband  selectivity  by  the  phasing 
technique.   Norgaards '  system  was  intended  only  for  reception  of  single- 
sideband  signals,  however,  the  inclusion  of  the  carrier  reinsertion-. 
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oscillator  phase-locking  circuitry  as  shown  "by  Costas  [h]    and  Webb  [5] 
provide  the  basis  for  the  hybrid- sideband  system. 

The  following  example  serves  to  illustrate  the  single- sideband 
selectivity  characteristics  of  the  detector  that  is  used  for  the  hy- 
brid system: 

Assumptions: 

(1)  Double- sideband  synchronizing  frequency  is  lower  than 
frequencies  used  to  convey  intelligence. 

(2)  Intelligence  information  is  contained  in  the  upper 
sideband,  and  is  represented  as  ((Jc  +   iOt     ). 

(5)  Interfering  signal  is  present  in  the  lower  sideband, 
has  a  bandwidth      and  is  not  phase- related  to  the 
carrier  frequency  signal, 
(k)   Reinsertion  oscillator  is  phase  locked  to  the  carrier 
signal  used  to  generate  the  signal  at  the  hybrid 
system  modulator. 
Figure  6,  shown  below,  illustrates  the  occupancy  of  the  frequency 
spectrum  in  the  vicinity  of  the  transmitted  hybrid  system  signal 


UNOimiffED     S,iO£  B fin 'O 


OfSitffD  .5/ 0£ BAND 


\ 
1 


r  3 


$ 


HyB&io   Signal   \nitH  Lowe*,   sioee/ino  jMT£RF£R^ct 

FIGURE    6 

This  composite  signal  is  comprised  of  both  desired  and  undesired 

components,  and  is  represented  as: 
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reins 


is: 


(25) 

The  I  channel  product  detector  receives  both  e  and  the  in-phase 

s 

erted  oscillator  signal,  !  .   The  output  of  this  detector 

eol  *  e*  *  D 

(26)      ~-  a.  :  i±m 

+¥1  J 

The  Q  channel  product  detector  receives  "both  e  and  the  phase 
shifted  reinsertion  oscillator  signal,  I  .   The  output  of  this 

detector  is: 

(27) 


+  a 


SiA(2kfe*«4)t  *  Jinf"^,)* 


After  passing  through  the  low-pass  filters  which  follow  the  pro- 
duct detectors,  the  outputs  will  be: 

Cos  co;t-t  bd  CU  c^t  +  £fi  Ca  cc\  t 


(28) 


(29)  _     AO  Jin  fc-^C     — 
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These  two  signals  are  then  passed  through  the  wideband  phase- 
shift  networks  which  were  described  in  an  earlier  portion  of  this 
chapter.   The  I  channel  network  inserts  a  phase  shift  of       degrees, 
the  Q  channel  network  a  phase  shift  of      degrees ,   where 
At  the  output  of  these  networks: 

(51)  e .  .- 

**\ 

and  since:  ; 

(52) 

These  signals  are  then  applied  to  the  electrical  addition  network, 
the  output  of  this  network  is: 


03)  eoor" 


S,n(u>,T+f>)-i 


After  passing  through  a  filter  which  removes  the  i        component, 
the  intelligence  output  shown  below  is  obtained: 

As  shown  earlier  in  the  chapter,  the  negative  sign  and  phase  shift 
of  Q     degrees  do  not  effect  the  recovery  of  the  intelligence  information. 

It  can  be  seen  from  the  above  analysis  that  interference  which  occurs 
on  the  opposite  side  of  the  reference-carrier  frequency  from  the  place- 
ment of  the  intelligence  information  will  be  removed.   In  practice  this 
interference  will  not  be  completely  removed,  but  can  be  greatly  suppressed. 
This  imperfection  is  a  result  of  channel  unbalance  and  imperfect  phase 
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shifting,  and  will  be  treated  in  greater  detail  in  the  subsequent  chap- 
ter. 

If  the  desired  intelligence  information  is  transmitted  in  the  lower 
sideband, interference  which  occurs  in  the  upper  sideband  will  be  rejected. 
This  may  be  seen  if  the  notation  (  )  is  considered  as  repre- 

senting the  desired  sideband,  and  (  )  as  representing  the  inter- 

fering signal.   A  subtractive  rather  than  an  additive  network  is  required 
in  the  demodulator,  and  would  provide  the  mathematical  difference  of 
the  quantities  given  by  Equations  (3l)  and  (32).   The  resulting  filtered 
output  will  be : 

(35)  Jin  0- 

r 

The  gated  rectifier,  filter,  and  reactance  control  circuitry 
shown  in  Figure  7  are  used  to  provide  the  phase  locking  of  the  carrier- 
reinsertion  oscillator.   Operation  of  this  circuitry  may  be  shown  by 
considering  the  signal  input  to  the  demodulator  to  consist  of  only  the 
double- sideband  synchronizing  frequency.   This  is  permissible  since  the 
band-pass  filters  between  the  outputs  of  the  I  and  Q  channel  product 
detectors  and  the  gated  rectifier  will  pass  only  a  narrow  band  of  fre- 
quencies centered  about  that  of  the  synchronizing  tone. 

The  synchronizing  portion  of  the  hybrid  input  signal  to  the  de- 
modulator is  represented  as: 

(56)   a  =  E ^osCH-faOt+ECsf*        }t 

This  signal  and  ^C^r*  are  applied  to  the  I  channel  pro- 
duct detector.  If  the  phase  difference  between  the  reinserted  oscil- 
lator signal,  and  the  carrier- frequency  signal  used  to  generate  the 
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hybrid  signal  is  represented  by  f),    the  output  of  this  detector  is: 
(57)   '  - 

After  passing  through  the  filters: 

(38) 

The  input  to  the  Q  channel  product  detector  consists  of  e  as 

u 

given  by  Equation  (6),  and  C  .  ).      The  output  of  this  detector 

is: 


(39) 


■ 

t  + 

w 

■ 

/  "j? 

■to, 

t-f#)  + 

- 

n  (2 

WJC> 

E 

4     j 

s 

•<t)+Sit 

which  after  filtering  becomes: 

(40)    6f%~    £r[Sin(bbt+t)+Si* 

Equations    (38)   and   (40)  may  be  rewritten  as   shown  below  by  in- 
voking the  following  trigonometric   relationships: 
0+1)     Ccs  (X+y)«  CosXCosY-  StnX       1/ 
^2)     Cc  s  (A-/)  -  Co,  A  Us  /  +  Si»  X  5-  / 
(43)      Sin  (X+Y)  -   &V.  X  Cos  /+  Cei  A  Oin  / 
(  X-y)  -  &*  X  Ces  y  -  Ccs  X  Vm  / 


(MO 

(45) 
(46) 
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Examination  of  these  two  equations  reveals  that  the  inputs  to  the 
gated  rectifier  from  the  I  and  Q  channel  product  detectors  are  identical 
except  for  the  ninety-degree  phase  difference  of  the  phase  error,  0. 

Weaver  [6],  and  Wood  and  Whyland  [9l>  have  shown  that  the  gated 
rectifier  performs  in  a  manner  similar  to  a  product  multiplier  which 
has  the  additional  property  of  removing  the  audio-frequency  components 
and  only  passing  the  direct-current  component.   The  output  of  the  gated 
rectifier  becomes: 


(V7) 

Due  to  the  inherent  elimination  of  the  audio  frequency  component 
this  "becomes: 

(MS) 

This  equation  represents  the  phase-control  voltage  obtained  from 
the  gated  rectifier.  A  qualitative  analysis  of  the  operation  of  this 
circuit  by  Nupp  [7],  reproduced  as  Appendix  II,  illustrates  the  actions 
described  above. 

McAleer  [8]  has  shown  that  an  entire  phase-control  loop  may  be 
analyzed  by  the  use  of  servomechanism  analogs.   The  phase-control  loop 
of  the  hybrid- system  demodulator  is  shown  in  Figure  8.   G  represents 
the  transfer  function  of  the  phase  detector  and  possesses  the  units  of 
volts -per-radi an.   G  represents  the  combined  transfer  function  of  the 
variable  reactance  and  the  controlled  oscillator.   The  dimensions  of 
this  function  are  radians-per-second-per  volt.   The  low-pass  filter 
situated  between  the  phase  detector  and  the  variable  reactance  has  a 
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transfer  function  designated  as  P(s).   N,  represents  the  noise  input  to 
the  phase-locking  system  from  the  inputs  to  the  gated  rectifier ,  and 
N  signifies  the  noise  voltage  presented  to  the  input  of  the  variable 
reactance. 

The  three  most  important  parameters  of  the  phase-locking  system 
are: 

(a)  Lock  range 

(b)  Capture  range 

(c)  Filter  bandwidth 

Lock  range  is  defined  as  the  total  frequency  drift  which  can  be 
corrected  by  the  phase-locking  system.   If  the  variable  reactance  is 
assumed  to  possess  a  linear  transfer  characteristic,  the  lock  range 
will  be  G-,Gp  radians  per  second. 

Capture  range  is  defined  as  the  greatest  frequency  difference  for 
which  the  system  can  become  locked  from  its  unlocked  state.   As  will  be 
shown  subsequently,  this  range  will  necessarily  be  equal  to  or  less 
than  the  lock  range. 

The  filter  bandwidth  of  the  phase-locking  system  is  indicative 
of  the  ability  of  the  system  to  function  properly  in  the  presence  of 
wide-band  noise.   The  injection  of  the  noise,  W  ,  into  the  phase-locking 
system  from  the  product  detectors  is  external  to  the  internally-closed 
feedback  loop  causing  the  system  to  appear  as  a  low-pass  filter  with 
respect  to  this  noise.   The  internal  system  noise,  N  ,  is  coupled 
directly  to  the  variable  reactance,  and  indirectly  through  the  feedback 
path,  causing  the  system  to  appear  as  a  high-pass  filter  for  noise  from 
this  source. 

The  primary  purpose  to  be  served  by  this  loop  is  the  correction  of 
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slow  drift  of  the  frequencies  in  the  entire  hybrid  sideband  system. 
An  extremely  narrow  loop-bandwidth  would  appear  to  be  optimum  for  this 
service  since  the  signal-to-noise  figure  of  the  synchronizing  circuitry 
could  be  maximized.   Unfortunately  this  cannot  be  realized  as  the  capture 
range  and  lock  range  are  reduced  as  the  bandwidth  of  the  phase  loop  is 
reduced. 

Craiglow  and  Marlin  [10],  have  indicated  that  single- sideband  fre- 
quency inaccuracies  in  excess  of  50  cycles  per  second  are  not  tolerable 
for  reliable  communications.   In  order  to  utilize  the  phase-locking 
feature  of  the  hybrid  system  for  practical  communications  purposes 
the  lock  range  must  be  a  minimum  of  200  cycles  per  second.   This  would 
provide  automatic  frequency  compensation  for  system  frequency  errors  and 
Doppler  shift  of  plus  and  minus  150  cycles  per  second,  allowing  the  use 
of  frequency  generating  devices  with  tolerances  of  three  hundred  percent 
less  than  those  required  for  conventional  single-sideband  employment. 

To  effect  economy  of  transmitted  power  it  is  most  desirable  to 
minimize  the  power  required  for  the  synchronizing  tones.   The  balancing 
action  of  the  gated  rectifier  provides  excellent  isolation  of  the  ther- 
mal and  impulse  noise  from  the  phase-control  loop.   Additional  isolation 
is  provided  by  the  bandpass  filters  whose  pass  bands  are  centered  about 
the  synchronizing  tone  frequency.   Laboratory  measurements  of  this 
ability  will  be  described  in  Chapter  IV. 

If  a  lock  range  of  300  cycles  per  second  were  used,  the  total  noise- 
bandwidth  of  the  phase- locking  loop  would  be  three  hundred  cycles  per 
second,  whereas  the  noise  bandwidth  of  the  information  channel  would  be 
approximately  3,000  cycles  per  second.   If  the  same  signal-to-noise 
ratio  was  required  for  both  the  synchronizing  and  intelligence  channels, 


2k 


the  average  transmitted  power  required  for  the  synchronizing  tones 
would  be  one-tenth  of  1        i red  for  the  intelligence  infoi 
"based  upon  a  ten- to-one  ratio  of  noise  bandwidths. 

Gruen  [ll],  has  shown  that  the  use  of  a  lag  network  for  the  low- 
pass  filter  in  the  phase-control  loop  provides  optimum  reduction  of  the 
overall  loop  bandwidth  while  retaining  the  widest  possible  capture  and 
lock  ranges.   Insertion  of  this  filter  configuration  produces  a  re- 
duction in  the  capture  range  that  is  approximately  equal  to  the  square 
root  of  the  phase-lock-system  bandwidth  reduction.   Simpler  resistance- 
capacitance  configurations  reduce  the  capture  and  lock  range  in  direct 
proportion  to  the  bandwidth  reduction. 

A  schematic  representation  of  the  basic  lag  network  is  shown  in 
Figure  9«   The  transfer  function  of  this  network  is: 


(1*9) 


where:   t  =  and  t  = 

1  2 

The  block  diagram  of  the  phase-locking  loop  as  shown  in  Figure  7 
indicates  bandpass  filters  in  each  of  the  two  inputs  to  the  gated  recti- 
fier, as  discussed  previously.   In  order  that  the  input  impedance  charac- 
teristics of  these  low-frequency  bandpass  filters  do  not  cause  serious 
phase  shifts  to  the  higher- frequency  components  of  the  intelligence 
information,  it  is  considered  desirable  to  place  isolating  amplifiers 
between  the  bandpass  filters  and  the  outputs  of  the  low-pass  filters 
which  succeed  the  product  detectors.   The  gain  characteristics  of  these 
amplifiers  must  be  included  in  the  transfer  function  represented  as 
G  .   Effects  of  phase  shifts  within  the  passband  of  the  bandpass  filter 
are  minimized  by  design  considerations. 
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The  overall  transfer  function  of  the  phase-locking  system  is  given 
by  McAleer  [8]  as: 

(50) 


the  denominator  being  of  the  form 
(51)  Where: 
(52) 


■ 


With  the  lag  network  as  shown  in  Figure  9  used  as  the  low  pass 
filter  between  the  gated  rectifier  and  the  variable  reactance  the 
capture  and  lock  ranges  are  shown  by  Gruen  [ll]  to  be: 


i"  v~. 


(55)    I  P  ^ 


When  a  damping  factor,  ;  ,    of  one-half  is  used  to  obtain  opti- 
mum overshoot  and  lock  stabilization: 


(56) 


(57)   , 


*» 
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From  Equation    (      )    the  value  of  t     may  "be  f  und 


(58) 
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LAG   NETWORK 
FIGUR£     9 


The  values  of  lock  and  capture  range  which  are  obtained  with 
actual  circuitry  can  be  exptected  to  vary  appreciably  from  those  de- 
termined by  Equations  (56)  and  (57) «   This  difference  is  caused  by  the 
variation  of  sensitivity  of  the  variable  reactance  circuitry  which  is 
a  function  of  applied  bias,  and  a  gated  rectifier  whose  output  is  not 
linearly  proportional  to  the  phase  difference  of  the  input  signals.   It 
will  be  shown  in  Chapter  IV  that  such  a  variance  was  obtained. 
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CHAPTER  III 
SYSTEM  IMPERFECTIONS  AND  THEIR  EFFECTS 
There  are  six  major  imperfections  which  may  appear  in  a  practical 
system  of  the  type  described: 

(1)  Non-uniform  phase  shift  in  the  phase-difference  networks 
used  to  achieve  suppression  of  the  undesired  sideband. 

(2)  Lack  of  amplitude  symmetry  in  the  I  and  Q  demodulator 
channels . 

(3)  Intermodulation  distortion  and  non-uniform  phase  characteristics 
of  the  radio  amplifiers  which  preceed  the  hybrid-system  demodu- 
lator. 

(k)   Carrier-frequency  leakage  in  the  modulator. 

(5)  Intermodulation  distortion  in  the  mixer  and  amplifier  stages 
of  the  transmitter  . 

(6)  Improper  demodulator  operation  due  to  wide  variations  of  the 
amplitude  of  the  received  signal. 

The  problems  involved  in  obtaining  ninety-degree-phase-difference 
networks  have  been  thoroughly  discussed  by  Laden  [12]  and  Norgaard  [13]  • 
The  basic  networks  in  common  use  today  are  based  upon  an  original  design 
by  Dome  [2].   Detailed  studies  by  Laden  [12]  have  shown  that  variations 
of  five  degrees  from  the  optimum  value  of  ninety  degrees  occur  for  fre- 
quencies between  2^0  and  3000  cycles  per  second.   Villard  [l4]  and 
Darlington  [3]  have  proposed  more  elaborate  networks  which  have  superior 
properties,  however  the  complexities  provide  many  practical  problems. 
Discussion  with  persons  experienced  in  the  manufacture  and  testing  of 
these  more  complex  networks  indicates  that  tolerances  of  less  than  one 
degree  of  phase- shift  variation  cannot  be  practically  achieved  at  the 
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present  state  of  the  art. 

Norgaard  [l],  has  treated  the  effects  of  non-perfect  phase-difference 
networks  upon  the  operation  of  the  type  demodulator  used  for  the  hybrid 
system.   His  conclusions  indicate  that: 

(59)  Rejected  sideband  response 
Accepted  sideband  response 

where:  ,  represents  the  realized  phase  difference  from  ninety 
degrees. 
The  problems  which  arise  due  to  a  difference  in  the  amplitude 
characteristics  of  the  I  and  Q  channels  are  identical  to  those  caused 
by  unequal  amplitudes  of  the  two  reinserted-oscillator  voltages.   This 
effect  is  apparent  by  inspection  of  Equations  (20)  and  (22),  where  the 
coefficients  A  and  B  represent  the  oscillator  amplitudes.   If  these 
coefficients  are  non-identical,  the  intelligence  output  from  the  de- 
modulator will  not  be  that  represented  by  Equation  (2k),   but  will  be- 
come: 

(60)  =~Ec|x-  +(A"+B)M  $'in(*-\r-rtf)J 

causing  the  amplitude  of  the  intelligence  output  to  be  reduced  by  the 
difference  between  the  amplitude  gains  of  the  two  channels. 

Icenbice  and  Felhauer  [l6]  show  the  intermodulation  products  re- 
sulting from  non-linearities  to  be  of  the  form  (2f  -fp)  and  (2f  -f  ). 
These  are  normally  the  most  troublesome  of  the  many  products  formed 
since  it  is  possible  for  them  to  produce  relatively  high -amplitude 
signals  within  the  desired  passband.   To  illustrate  the  effects  of  this 
type  of  undesirable  operation,  consider  the  three  basic  frequencies  which 
comprise  the  hybrid  sideband  system  signal,  as  shown  in  Figure  (l).   These 


29 


, 


components  are: 

(61)  (a)  ; 
(b)  ( 
(c) 

(62)  2a-b  = 

(63)  2b-a  - 
(6k)  2c-b  = 

(65)  2b-c  = 

(66)  2c-a  = 

(67)  2a-c  = 

Examination  of  Equations  (62)  through  (67)  shows  that  two  of  the 
third  order  products  will  cause  interfering  components  to  be  generated 
within  the  intelligence  passband,  2    ,  when  the  synchronizing  fre- 
quency is  chosen  to  be  lower  than  this  passband.   If  the  synchronizing 
frequency  is  higher  than  the  intelligence  passband,  the  product  generated 
by  the  combination  shown  in  Equation  (65)  will  cause  undesired  outputs 
to  lie  within  the  frequency  spectrum  of  the  intelligence  information. 
Such  effects  would  cause  the  desired  information  to  be  unfaithfully 
reproduced. 
TRANSMITTER  NON-LINEARITIES 

Non-linearities  which  may  exist  in  the  mixing  and  amplifying  stages 
of  the  transmitter  will  also  cause  intermodulation  products  to  be  gener- 
ated.  The  effects  of  these  products  upon  the  action  of  the  demodulator 
are  identical  to  those  discussed  in  the  preceeding  section. 

Equations  (62.)   through  (67)  represent  the  frequencies  that  are 
generated  by  the  transmitter  due  to  non-linearities.   These  frequencies 
are  in  addition  to  those  intentionally  generated,  and  serve  to  broaden 
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the  frequency  spectrum  actually  required  for  the  transmission  of  the 
hybrid  signal.   Bruene  [20]  states  that  state-of-the-art  techniques 
involving  degenerative  feedback  allow  third-order  intermodulation  pro- 
ducts to  be  reduced  to  a  level  forty  decibels  lover  than  that  of  the 
desired  frequencies.   Use  of  these  techniques  will  minimize  the  effects 
of  spectrum  enlargement  caused  by  non-linearities  in  the  transmitter. 
CARRIER-FREQUENCY  LEAKAGE  AT  THE  MODULATOR 

Generation  of  the  single  and  double- sideband  signals  in  the  modu- 
lator portion  of  the  hybrid-system  transmitter  will  require  suppression 
of  the  carrier  frequency.   The  balanced  modulators  used  to  obtain  this 
suppression  are  not  perfect  devices  and  do  not  provide  absolute  elimi- 
nation of  the  carrier  component.   The  degree  of  suppression  is  a  function 
of  circuit  design,  shielding,  initial  component  balance,  and  the  un- 
balancing effects  caused  by  component  aging  and  environment. 

Appendix  I  contains  the  solution  of  the  demodulator  action  when 
the  input  signal  to  the  receiver  contains  a  carrier-frequency  component. 
The  results  of  this  analysis  show  that  the  carrier  component  is  effective- 
ly ignored  by  the  demodulator  and  does  not  influence  its  operation  in 
any  manner. 

The  power -amplifying  stages  of  the  transmitter  will  be  influenced 
by  the  amplitude  of  the  carrier-frequency  component,  as  the  average 
power  content  of  the  hybrid  signal  will  be  increased  by  this  amount. 
This  should  not  pose  a  significant  problem  since  a  carrier  suppression 
of  thirty  decibels  is  easily  achieved  with  circuits  in  common  use. 

The  effects  of  non-linearity  in  either  the  transmitter  or  the  re- 
ceiver were  shown  in  an  earlier  section  for  conditions  of  no  carrier- 
frequency  component.   If  the  amplitude  of  the  carrier  component  is 
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appreciable  as  compared  with  the  desired  signal- frequency  components, 
the  third-order  intermodulation  products  must  be  re-examined. 
Using  the  procedure  established  earlier  in  this  Chapter: 

(68)  (a)  t 

(t>)  U)c   " 

(c)  ■        i 

(d)  Wc 

The  products  formed  by  combinations  of  (a),  (b),  and  (c),  are 
shown  by  Equations  (62)  through  (67).   When  (d)  is  included,  the  addition- 
al products  are: 

(69)  2d-a  =       CO.  4-< 

i 

(70)  2a-d  = 

(71)  2d-b   =  cjs 

(72)  2b-d  =  <<Jc-rZ-CJs 

(73)  2d-c   =  fc>c-(    ){ 
(7h)  2c-d  =  U)c  +  Zu)t 

The  existence  of  the  carrier-frequency  components  and  the  effects 
of  non-linearities  in  the  transmitter  are  seen  to  broaden  the  spectrum 
required  for  transmission.  At  the  demodulator  these  additional  fre- 
quencies can  produce  interference  within  the  intelligence  passband,  as 
shown  by  Equations  (72)  and  (7^)- 

Maximum  suppression  of  the  carrier- frequency  component  in  the  modu- 
lator is  necessary  to  achieve  minimum  spectrum  bandwidth  requirements, 
minimum  distortion  of  the  intelligence  information  and  maximum  utilization 
of  power  amplifier  capabilities. 

The  strength  of  the  received  signal  will  vary  over  wide  limits  due 
to  the  effects  of  non-uniform  propagation  through  the  transmission 
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medium.   The  basic  demodulator  circuitry  will  become  overloaded  if  the 
amplitude  of  its  input  becomes  too  great,  causing  the  audio- frequency 
intelligence  output  to  become  distorted  by  exceeding  the  linear  operating 
ranges  of  the  individual  stages.   Also,  excessive  amplitude  may  cause 
the  narrow-bandpass  filters  in  the  synchronizing  circuits  to  ring, 
generating  spurious  transients  in  the  gated  rectifier  which  will  dis- 
turb the  phase-locking  operation. 

Under  fading  conditions  which  cause  the  amplitude  of  all  components 
of  the  received  hybrid  signal  to  fall  below  the  threshold  strength  re- 
quired for  proper  demodulator  operation  the  intelligence  output  will 
disappear  and  the  frequency  of  the  reinserted  carrier  will  vary. 

The  problems  created  by  input  signals  of  high  amplitude  can  be 
minimized  by  the  use  of  automatic-gain-control  circuitry  in  the  demodu- 
lator.  This  ciruitry  must  provide  rapid-attack  characteristics  in  order 
that  the  receiver  and  demodulator  do  not  overload  on  peaks  of  the  re- 
ceived voice  signal,  and  slow-release  characteristics  to  maintain  rela- 
tively constant  gain  between  words  and  syllables.   These  requirements 
are  not  easily  achieved  when  suppressed-carrier  signals  are  involved, 
as  the  control  must  be  derived  from  the  demodulated  audio  information 
rather  than  from  the  carrier  level,  as  can  be  done  when  receiving  non- 
suppressed-carrier  signals.   Audio-derived  control  information  must 
necessarily  be  integrated  over  a  period  of  time  so  that  the  gain  will 
not  be  varied  with  the  instantaneous  amplitude  of  the  voice  waveform. 
The  means  that  were  used  to  provide  these  characteristics  in  the  labora- 
tory model  will  be  discussed  in  Chapter  IV. 

Drifting  of  the  frequency  of  the  reinserted  carrier  during  periods 
when  the  amplitude  of  the  synchronizing  components  (  <*JC  -  dJ&     )  and 
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(  );  of  the  received  signal  fall  below  the  threshold  value 

required  for  proper  synchronizing  action  can  be  minimized  by  providing 
a  long  time  constant  in  the  phase-locking  system.   This  low-amplitude 
condition  may  be  encountered  during  periods  of  flat- frequency  fading, 
where  all  components  of  the  hybrid  signal  fade  simultaneously,  or 
during  those  periods  of  selective  fading,  where  the  amplitude  of  the 
synchronizing- frequency  components  fade, but  the  other  frequencies  of 
the  hybrid  signal  do  not  fade  simultaneously. 

The  selection  of  the  length  of  the  time  constant  in  the  phase- 
locking  system  must  provide  a  compromise  between  that  value  which  will 
correct  for  rapid  frequency  variations,  and  that  which  will  minimize 
the  drift  of  the  reinserted-oscillator  frequency  during  periods  when 
the  amplitude  of  the  received  synchronizing- frequency  components  falls 
below  threshold. 
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CHAPTER  IV 
THE  LABORATORY  MODEL 

In  order  to  ascertain  the  practicability  of  the  hybrid- sideband 
communications  system,  laboratory  models  of  the  basic  modulator  and 
demodulator  were  constructed  and  tested.   This  chapter  describes  the 
models  constructed,  measurements  performed,  and  the  results  obtained. 
MODULATOR 

The  modulator  performs  the  two  basic  functions  of  generating  a 
fixed  frequency,  double-sideband  suppressed  carrier  signal  for  synchro- 
nizing purposes,  and  generating  a  single-sideband  suppressed  carrier 
signal  to  convey  the  intelligence  information.   Figure  1  shows  the 
general  format  of  the  output  required  of  this  unit.   The  contents  of 
articles  by  Stoner  [17]>  ARRL  [l8],  and  Weaver  [6]  were  studied  prior 
to  the  selection  of  the  actual  circuitry  which  is  shown  in  Figure  10. 

For  design  considerations  the  modulator  was  divided  into  three 
sections: 

(1)  The  Carrier-Frequency  Generator 

(2)  The  Single-Sideband  Generator 

(3)  The  Double-Sideband  Generator 
CARRIER-FREQUENCY  GENERATOR 

The  original  design  of  this  unit  was  based  upon  the  use  of  a  series- 
tuned  Clapp  oscillator  operating  at  a  frequency  of  ^53. 2  kilocycles  per 
second.   (Selection  of  this  particular  frequency  will  be  justified  in 
the  next  section  of  this  chapter. )   High-Q  inductors  and  silver^mica 
capacitors  were  employed  in  an  attempt  to  maximize  frequency  stability. 
Every  effort  was  made  to  provide  rigid  wiring,  thermal  and  electrical 
isolation,  and  temperature  compensation  in  order  to  further  aid  in 
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achieving  a  high  degree  of  stability;  however,  subsequent  testing  of 
this  completed  model  revealed  that  a  short-terra  stability  of  only  50 
cycles  per  second  could  be  obtained.   This  was  not  considered  to  be 
satisfactory  in  view  of  the  detailed  system  testing  which  would  require 
stability  of  less  than  twenty  cycles  per  second,  necessitating  the  re- 
design and  rebuilding  of  this  unit. 

A  piezo-electric  crystal  with  a  series-resonant  frequency  of  k^.2 
kilocycles  per  second  was  obtained,  and  the  carrier- frequency  oscillator 
circuitry  was  altered  to  provide  a  crystal-controlled  oscillator  configur- 
ation. A  series  of  models  were  constructed  with  provisions  for  varying 
all  of  the  pertinent  circuit  parameters.   As  a  result  of  measurements 
conducted  on  these  models,  the  circuit  configuration  shown  in  Figure  10 
was  selected,  as  this  provided  the  maximum  frequency  stability  under 
conditions  of  varying  supply  potentials  and  ambient  temperatures. 

During  the  aforementioned  measurement  program  it  was  noted  that 
there  existed  a  high  degree  of  carrier-frequency  radiation  from  the 
metal-encased  piezo-electric  crystal.   This  radiation  was  minimized  in 
the  final  model  by  placing  the  crystal  unit  within  the  shielded  enclo- 
sure which  contained  the  resistor  and  capacitor  components  of  the  carrier- 
frequency  generator.   The  6AU6  tube,  is  the  only  component  not  housed 
within  this  enclosure.   As  a  further  precaution  against  stray  coupling 
of  the  carrier  frequency  into  other  portions  of  the  modulator,  all  leads 
which  entered  this  enclosure  were  filtered  with  feed- through  type  capacitors. 

A  series  of  measurements  were  made,  using  the  AN/PRM-1  Field  Intensity 
Meter  with  a  small  coupling  loop,  to  determine  the  effectiveness  of  the 
measures  taken  to  isolate  this  stage.   When  the  envelope  of  the  tube 
was  shielded,  no  radiation  in  excess  of  two  microvolts  per  meter  was 
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detecte  the  confines  of  this  shielded  enclosure.   This  low 

level  was  deemed  to  he  very  satisfactory  for  the  intended  usage. 

A  counter-type  frequency  meter  was  used  to  measure  frequency 
stability.   When  the  high- voltage  supply  to  the  oscillator  stage  was 
maintained  within  plus  and  minus  One-half  percent,  a  maximum  frequency 
change  of  only  six  cycles  per  second  was  observed  during  a  four  hour 
period.   Variation  of  this  supply  potential  between  the  limits  of  150 
and  3k0   volts  caused  a  maximum  frequency  change  of  only  eighteen  cycles 
per  second. 

The  output  waveform  of  this  oscillator  was  viewed  on  a  dual-beam 
oscilloscope,  where  it  was  compared  with  a  sine  wave  obtained  from  a 
high  quality  audio-frequency  oscillator.   When  the  two  waveforms  were 
superimposed  no  differences  were  noted. 

In  view  of  the  satisfactory  results  obtained  during  the  testing 
of  this  unit,  no  further  circuit  modifications  were  made. 
THE  SINGLE- SIDEBAND  GENERATOR 

The  design  of  this  portion  of  the  modulator  was  determined  by  the 
ready  availability  of  a  ^55  kilocycle  per  second  Collins  mechanical 
filter.   The  results  of  laboratory  measurements  performed  upon  this 
filter  are  shown  in  Figure  11.   Following  the  manufacturers'  recom- 
mendations the  frequency  of  the  carrier-frequency  oscillator  was  selected 
to  coincide  with  the  minus  twenty  decibel  attenuation  point  shown  in 
this  figure.  Availability  of  a  453«2  kilocycles  per  second  crystal 
for  the  Carrier  Frequency  Generator  dictated  that  the  single- sideband 
output  of  the  modulator  appear  as  the  upper  sideband  with  reference  to 
the  carrier  frequency. 

The  circuitry  used  to  obtain  the  single- sideband  output  consists 
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of  the  following: 

(A)  An  audio-frequency  amplifier  to  provide  sufficient  ampli- 
fication for  use  with  a  high  impedance  source  such  as  a 
crystal  microphone. 
(b)  A  balanced  modulator  to  obtain  a  double- sideband  suppressed 

carrier  signal. 
(C)  A  filter  to  suppress  the  lower  sideband  and  the  carrier 

frequency. 
The  audio  amplifying  stage  employs  resistance-capacitance  coupling 
and  uses  one  section  of  a  12AX7  tube.   Gain  of  this  stage  is  75-   Input 
impedance  is  approximately  400,000  ohms. 

Many  different  types  of  balanced  modulators  are  described  in  the 
literature.   The  ring  modulator  configuration  using  solid-state  diodes 
is  widely  used  for  single-sideband  modulator  applications,  however, 
this  circuit  requires  a  balanced  oscillator  input  of  several  volts. 
Also,  the  impedance  presented  by  the  ring  modulator  to  the  carrier- 
frequency  generator  and  to  the  audio  source  varies  over  the  cycle,  re- 
quiring low  impedance  balanced  outputs  from  these  two  sources.   In  order 
to  minimize  the  circuitry  problems  posed  by  these  requirements,  the 
balanced-modulator  configuration  selected  was  one  employing  a  gated 
sheet-beam  deflection  tube,  as  described  by  Stoner  [l7l«   This  circuit 
has  the  advantage  of  requiring  only  one  volt  of  carrier  level  from  an 
unbalanced,  high-impedance  source;  however,  a  balanced  audio- frequency 
input  on  the  order  of  fiteen  volts  is  needed.   The  audio  frequency 
source  requirement  is  easily  achieved  by  the  use  of  a  paraphase  inverter 
which  utilizes  one  section  of  a  12AX7  tube.   The  carrier-frequency 
source  is  capacitively  coupled  to  the  6AR8  gated  sheet-beam  tube,  and 


39 


its  relatively  low  level  simplifies  the  problems  associated  with  iso- 
lating this  source  from  the  remainder  of  the  modulator  circuitry. 

The  6AR8  tube  contains  a  cathode,  control-grid,  and  screen  grid 
which  form  an  electron  gun  to  generate,  control,  and  accelerate  a  beam 
of  electrons.   There  are  two  anodes,  and  a  pair  of  deflecting  plates 
associated  with  those  anodes.   The  total  current  to  the  two  anodes  is 
determined  by  the  potentials  applied  to  the  cathode  and  the  two  grids, 
division  of  this  current  between  the  two  anodes  being  controlled  by  the 
potential  difference  between  the  two  deflecting  plates.   To  achieve  the 
switching  action  required  for  balanced  modulator  operation  the  carrier 
frequency  source  is  coupled  to  the  control  grid  where  it  varies  the 
intensity  of  the  electron  stream,  and  the  push-pull  audio- frequency 
source  is  coupled  to  the  two  deflecting  electrodes  to  switch  the  elec- 
tron flow  between  the  two  anodes  at  an  audio  rate.   The  anode  circuitry 
external  to  the  tube  consists  of  a  balanced,  center- tapped  load  tuned 
to  the  carrier  frequency,  which  acts  to  provide  cancellation  of  the 
carrier  frequency,  since  this  was  effectively  applied  in  parallel  to 
the  two  anode  electron  paths.   The  frequency  components  present  at  the 
load  consist  of  the  two  symmetrical  sidebands  and  the  suppressed 
carrier.   The  audio- frequency  component  is  very  greatly  attenuated  due 
to  the  low  impedance  presented  to  these  frequencies  by  the  load,  which 
is  tuned  to  the  carrier  frequency. 

A  model  of  this  circuit  was  constructed  and  resulting  measurements 
revealed  that  a  carrier  suppression  in  the  order  of  twenty-five  decibels 
could  be  achieved.  Additional  testing  indicated  that  the  maximum  degree 
of  possible  suppression  varied  considerably  when  several  different  6AR8 
tubes  were  tried.   Careful  tube  selection  was  required  to  achieve  sup- 
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tube.   This  newer  tube  is  held  to  stringent:  manufacturing  tolerani 
and  is  electrically  superior  to  the  6AR8.   Three  samples  of  the  7560  were 
obtained  and  tested  in  a  laboratory  circuit.   Carrier  suppression  of 
fifty  decibels  was  achieved,  and  this  figure  was  maintained  when  the 
three  tubes  were  interchanged.   Unfortunately,  the  modulator  construc- 
tion had  been  completed  prior  to  the  availability  of  this  superior  tube, 
and  the  fact  that  the  base  connections  differed  from  those  of  the  6AE8 
precluded  its  use  in  the  modulator. 

The  mechanical  filter  which  has  the  passband  characteristics  shown 
in  Figure  11  is  used  as  the  tuned  load  for  the  balanced  modulator. 
Collins  [19]  gives  a  physical  description  of  the  operation  of  this 
device.   External  resonating  capacitors  are  included  in  the  modulator 
circuitry  to  resonate  the  inductive  input  and  output  impedances  of  the 
filter.   When  properly  terminated,  the  passband  insertion  loss  for  the 
particular  filter  used  was  sixteen  decibels,  however,  this  loss  was 
considered  to  be  justified  in  view  of  the  excellent  filtering  characteris- 
tics obtained.   Improved  filters  with  lower  insertion  loss  are  obtaj 
but  were  not  available  for  this  construction. 

The  output  of  the  filter  is  fed  to  the  grid  of  an  amplifier  stage 
which  employs  one  section  of  a  12AT7  tube.   This  stage  is  used  to  pro- 
vide isolation  between  the  outputs  of  the  single  and  double- sideband 
generators  as  these  two  outputs  are  parallel-connected  in  the  anode  cir- 
cuit of  this  stage. 
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THE  DOUBLE  SIDEBAND  GENERATOR 

The  balanced  modulator  circuitry  used  in  this  generator  is 
fundamentally  identical  to  that  employed  in  the  Single-Sideband 
Generator o   The  only  difference  is  the  use  of  a  tuned  transformer  in 
the  anode  circuit  in  place  of  the  mechanical  filter  which  was  used  in 
the  Single-Sideband  Generator.   The  paraphase  amplifier  stage  used 
to  obtain  the  push-pull  high  impedance  audio  drive  for  the  balanced 
modulator  is  identical  to  that  previously  described.  As  this  generator 
is  required  to  produce  a  double- sideband  signal  that  is  modulated  by 
a  fixed,  single  frequency,  no  audio  amplifier  circuitry  preceeds  the 
paraphase  amplifier.  A  laboratory- type  audio  frequency  oscillator 
tuned  to  the  synchronizing  frequency  is  connected  directly  to  the 
input  of  the  paraphase  stage .   The  output  amplitude  of  this  oscil- 
lator is  adjusted  to  provide  an  eighteen  volt  signal  at  the  deflecting 
anodes  of  the  gated  sheet  beam  tube. 

The  secondary  winding  of  the  tuned  transformer  used  in  the  anode 
circuit  of  the  balanced  modulator  is  coupled  to  the  grid  of  a  12AT7 
tube  used  as  an  isolating  amplifier.   The  anode  circuitry  of  this 
tube  is  capacitively  coupled  to  the  output  of  the  modulator,  in  paral- 
lel with  the  capacitively  coupled  output  of  the  isolating  amplifier 
stage  of  the  Single- Sideband  Generator. 

The  original  laboratory  model  of  the  modulator  did  not  include 
the  two  isolating  amplifier  stages,  the  outputs  of  the  mechanical 
filter  and  the  tuned  transformer  being  parallel  connected.   During 
the  testing  of  this  model  it  was  observed  that  interaction  existed 
between  the  Single  and  Double -Sideband  Generators .   Insertion  of  the 
isolating  stages  was  found  to  completely  solve  this  problem. 
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The  output  of  the  modulator  is  fed  to  a  linear  mixer  type  of  fre- 
quency translator  in  order  to  relocate  the  hybrid  signal  from  the 
intermediate  frequency  range  to  the  desired  radio  frequency.   Since 
the  mixing  process  produces  additional  frequency  components,  highly 
selective  circuits  must  be  used  to  suppress  the  undesired  components. 
In  a  practical  transmitter  several  translators  might  be  required  in 
order  to  achieve  the  desired  suppression  of  these  components.   The 
laboratory  model  employed  only  one  stage  of  translation,  and  the  radio 
frequencies  used  for  testing  were  confined  to  the  lower  portion  of  the 
high-frequency  bands. 

Laboratory  measurements  were  performed  on  the  completed  modu- 
lator using  the  Panoramic  Radio  Company  Model  SSB-3  spectrum  analyzer. 
Entirely  satisfactory  operation  was  noted,  as  is  indicated  below: 

(1)  Intermodulation  distortion  products  were  found  to  be  at 
least  thirty-eight  decibels  below  the  level  of  the  desired 
tone  frequencies. 

(2)  The  undesired  sideband  output  of  the  Single-Sideband  Gener- 
ator was  found  to  be  at  least  forty-one  decibels  below  the 
level  of  the  desired  sideband. 

(3)  The  carrier  frequency  output  of  the  Double-Sideband  Generator 
was  suppressed  to  a  level  of  twenty  decibels  lower  than  that 
of  the  double- sideband  components. 

(k)   The  carrier- frequency  output  of  the  Single  Sideband  Gener- 
ator was  suppressed  to  a  level  of  forty  decibels  less  than 
that  of  the  desired  sideband. 
As  a  result  of  these  satisfactory  measurements  the  laboratory 
model  of  the  modulator  was  considered  completed. 
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THE  DEMODULATOR 

A  block  diagram  of  the  demodulator  is  shown  in  Figure  2.   The 
circuit  given  by  Webb  [5l>  which  is  suitable  for  the  reception  of 
single  or  double- sideband  signals  was  used  as  the  basis  for  the 
laboratory  model  of  the  demodulator  which  was  constructed  for  use 
with  the  hybrid- sideband  communications  system.   A  schematic  diagram 
of  the  laboratory  demodulator  is  shown  in  Figure  3 

The  product  detectors,  V-l  and  V-2,  are  identical  to  those  given 
by  Webb  [5].   The  incoming  signal  is  applied  to  the  grids  of  V-1A  and 
V-2A  which  are  used  as  cathode  followers,  whose  outputs  are  directly 
coupled  to  the  cathodes  of  V-1B  and  V-2B.   The  reinserted  oscillator 
voltages  are  applied  to  the  grids  of  V-.1B  and  V-2B.   Since  the  electron 
stream  of  V-1B  and  V-2B  are  modulated  by  the  signals  applied  to  both 
the  cathodes  and  the  grids,  the  anode  current  is  a  function  of  the 
product  of  these  two  modulating  signals.   This  operation  may  be  shown 
as: 

(75)  ip  = 

where:   i   ==  instantaneous  anode  current 
P 

e  -   instantaneous  cathode  potential 
ep  =  instantaneous  grid  potential 

a,b,c,d  =  constants  which  are  functions  of  tube  parameters 
Expanding: 

(76)  i   =  ac  +  ade   +  bee.,  +  bde.,  e^ 
^      P  2      1      12 

Inspection  of  this  equation  reveals  that  the  output  of  the  pro- 
duct detector  will  be  comprised  of: 
(l)  A  direct  current  term,  ac  . 
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(2)  Components  of  the  two  input  signals,  as  represented  by 

ade  and  bee  . 

2        I 

(3)  A  term;,  bde.  e  ,  which  represents  the  product  of  the  instantan- 
eous values  of  the  two  input  signals. 

As  shown  in  Chapter  II,  the  product  term  is  the  only  portion  of  the 
output  that  is  desired  for  this  application.   The  direct  current  term 
is  blocked  by  the  output  coupling  capacitor,  and  the  components  of  the 
input  frequencies  are  suppressed  by  the  low-pass  filters,  F  and  F  , 
which  follow  the  product  detectors. 

In  the  laboratory  model  the  low-pass  filtering  is  accomplished 
with  the  simple  resistor-capacitor  networks  comprised  of  C-2,  R-4, 
C-3,  R-5,  and  C-12,  R-29,  C-13,  R-30.   These  are  low  pass  networks 
whose  attenutation  is  small  for  frequencies  up  to  10,000  cycles  per 
second,  but  becomes  approximately  60  decibels  in  the  vicinity  of  the 
frequency  of  the  reinserted-oscillator  signal.   The  outputs  of  these 
filters  are  fed  to  both  the  signal  path  and  to  the  phase-locking  loop 
after  passing  through  resistance-coupled  amplifier  stages  V-JA  in  the 
I  channel  and  V-3B  in  the  Q  channel.   These  stages  are  included  to 
provide  additional  amplification  of  the  product  detector  outputs  and 
are  directly  coupled  to  the  phase-shifting  stages  V-4A  and  V-4B  in 
order  to  eliminate  additional  phase  shifts  at  the  lower  audio  fre- 
quencies. 

The  phase-locking  loop  take-off  is  fed  through  isolating  ampli- 
fiers comprised  of  V-6A  and  V-6B,  which  are  resistance  coupled  to  the 
bandpass  filters  F-3  and  F-4,  tuned  to  the  audio  synchronizing  fre- 
quency.  Matched  filters  tuned  to  250  cycles  per  second  were  available, 
so  that  this  frequency  was  selected  for  synchronizing  purposes.   Fol- 
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lowing  these  filters  are  V-7A  and  V-7B  which  are  used  as  paraphase 
amplifiers  to  obtain  balanced  inputs  to  the  gated  rectifier  circuitry. 
Output  of  the  gated  rectifier  is  coupled  to  the  reactance  control 
tube  V-8B,  through  the  lag  network  which  is  comprised  of  R-k9,   R-50, 
and  C-31.   The  values  of  these  components  were  determined  from  Equa- 
tions (56)  and  (57)  to  provide  a  lock  range  of  300  cycles  per  second 
and  a  capture  range  of  200  cycles  per  second. 

The  anode  of  V-8B  is  coupled  to  the  grid-tank  circuit  of  the 
reinsertion  oscillator  to  permit  the  frequency  of  this  oscillator 
to  be  varied  in  accordance  with  the  magnitude  of  the  voltage  output 
of  the  gated  rectifier.   The  oscillator  circuit  employs  the  tuned- 
grid  configuration.   Output  from  this  stage  is  taken  from  the  cathode 
circuit  to  obtain  a  low  source  impedance  and  an  amplitude  of  approxi- 
mately two  volts.   V-9  is  used  as  a  cathode  follower  to  isolate  the 
frequency- determining  elements  of  the  oscillator  from  impedance  vari- 
ations during  alignment  of  subsequent  portions  of  the  circuitry.   Fol- 
lowing this  stage  is  the  resistor-capacitor  network  which  is  used  to 
obtain  the  required  ninety-degree  phase  difference  between  the  rein- 
serted-oscillator  signals  which  are  applied  to  the  two  product  detec- 
tors.  When  the  resistors  R-4l  and  E-k-2   are  identical  and  are  equal 
to  the  identical  reactances  of  the  two  capacitors  C-21  and  C-23,  the 
two  outputs  taken  from  the  junctions  of  R-^l-C-21  and  R-^-2-C-23  are 
equal  in  magnitude  and  ninety  degrees  different  in  phase  relationship. 
A  variable  capacitor  was  used  for  C-23  to  allow  adjustment  to  compensate 
for  stray  circuit  capacitances. 

The  intelligence  signal  path  take-off  points  at  the  plate  circuits 
of  V-3A  and  V-3B  are  coupled  to  the  magnitude-proportioning  phase- 
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splitting  stages  V-4A  and  V-4B  which  use  a  12AT7  tube  to  obtain  the 
required  inputs  for  the  Mi lien  phase-shifting  networks.   The  manufacturer 
specifies  that  the  two  inputs  to  each  of  the  .  <   and      networks  have 
l80-degrees  phase  difference,  and  furthermore,  that  these  two  voltages 
be  in  a  seven-to-two  proportion.   These  requirements  were  met  by  the 
use  of  a  paraphase-amplifier  configuration  with  the  ratio  of  the  plate 
and  cathode  resistances  being  seven-to-two.   Proper  operation  of  the 
phase-shifting  networks  is  very  dependent  upon  this  ratio,  dictating 
the  requirement  for  one-percent  tolerance  components  in  this  stage. 
Outputs  from  the  phase- shifting  networks  are  fed  to  a  pair  of 
paraphase  amplifiers  having  identical  plate  and  cathode  resistances. 
The  cathode  of  V-^A  is  fed  directly  to  one  end  of  the  adder- subtrac tor 
network  comprised  of  resistors  R-15,  R-l6,  and  R-40.   Output  of  the 
Q  channel  paraphase  inverter,  V-^B,  is  taken  from  either  the  plate 
or  cathode  of  this  tube,  depending  upon  the  selected  setting  of 
switch  S-l.   When  S-l  is  connected  to  the  cathode  of  V-5B,  the  polar- 
ities of  the  output  contributions  from  both  the  I  and  Q  channels  are 
in-phase,  causing  the  signal  voltage  developed  across  the  load  resis- 
tance R-79  to  be  proportional  to  the  mathematical  sum  of  the  I  and  Q 
channel  outputs.  As  shown  in  Chapter  II  this  will  cause  the  lower 
sideband  of  the  incoming  signal  to  be  suppressed.   When  S-l  is  con- 
nected to  the  plate  circuit  of  amplifier  V-5B,  the  Q  channel  output 
contribution  is  phase-shifted  by  l80  degrees  from  that  of  the  I  channel, 
causing  the  voltage  across  the  load  resistance  R-79  "to  be  proportional 
to  the  mathematical  difference  of  the  I  and  Q  channel  outputs.   When 
connected  in  this  manner  the  upper  sideband  of  the  incoming  signal 
will  be  suppressed. 
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The  selection  of  the  setting  of  switch  S-l  is  determined  "by  the 
type  of  hybrid  signal  emitted  by  the  modulator  portion  of  the  trans- 
mitting equipment.  If  the  modulator  is  designed  to  position  the  de- 
sired intelligence  information  in  the  upper  sideband,  S-l  must  be 
connected  to  the  cathode  of  V-5B.  This  will  allow  reception  of  the 
upper  sideband  while  attenuating  noise  and  interfering  signals  which 
may  be  present  in  that  portion  of  the  frequency  spectrum  which  forms 
the  lower  sideband. 

Following  the  adder/ subtractor  network  are  three  stages  of  audio- 
frequency amplification  and  band-pass  filter.   The  amplifier  consists 
of  one  section  of  a  12AX7  tube  used  as  a  preamplifier  which  is  re- 
sistance coupled  to  another  stage  using  the  same  type  tube.   This 
second  stage,  V-108,  is  used  to  provide  additional  amplification  and 
to  match  the  input  impedance  of  the  300-3000  cycle  per  second  bandpass 
filter  that  is  capacitively  coupled  to  the  output  of  this  stage.   This 
filter  serves  to  suppress  the  250  cycles*  per  second  synchroni zing- 
tone  frequency  in  order  to  prevent  this  component  from  appearing 
with  the  intelligence  information.   Following  this  filter  is  a  power 
amplifier  stage,  V-ll,  which  is  transformer  coupled  to  the  loudspeaker 
output . 

The  automatic-gain-control  circuit  used  in  the  laboratory  model 
of  the  hybrid- sideband  demodulator  achieves  both  rapid-attack  and 
slow-release  characteristics  by  using  a  silicon  diode  connected  in 
shunt  with  the  filter  resistance  of  the  automatic -gain-control  recti- 
fier.  This  circuitry  is  shown  in  Figure  3- 

When  a  high -amplitude  signal  is  received,  the  output  of  the  recti- 
fier, V-6A,  rapidly  charges  the  capacitor  C-kJ>,   as  the  filter  resistor, 
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R-72,  is  "bypassed  "by  the  forward-biased  silicon  diode,  D-5«  As  the 
amplitude  of  the  received  signal  varies  below  the  voltage  to  which 
the  capacitor  is  charged,  the  output  of  the  rectifier  will  "be  lower 
than  the  capacitor  voltage,  causing  the  silicon  diode  to  "be  reverse- 
biased.   The  discharge  time  of  this  capacitor  is  many  times  longer 
than  the  charge  time,  as  the  discharging  resistance  is  greatly  increased 
when  the  shunt-connected  silicon  diode  is  reverse-biased. 

In  practice  the  values  of  R-72,  R-73>  and  C-k~5   will  depend  upon 
the  desired  attack  and  release  time  constants,  and  upon  the  values 
of  the  resistance  and  capacitance  used  in  the  automatic-gain-control 
circuitry  of  the  radio-frequency  receiver  which  preceeds  the  demodulator. 
The  writers '  experience  has  shown  that  an  attack  time  of  ten  milliseconds 
and  a  release  time  of  one  second  will  provide  satisfactory  gain-control 
information  for  the  reception  of  speech  information. 
LABORATORY  EXPERIMENTS  WITH  THE  DEMODULATOR 

The  laboratory  model  of  the  hybrid  sideband  system  demodulator 
was  assembled  and  the  following  parameters  determined  by  measurement: 

(1)  Lock  range 

(2)  Capture  range 

(3)  Suppression  of  undesired  sideband 

(k)   Ratio  of  input  levels  required  for  synchronizing  and  intelli- 
gence demodulation. 

The  measurement  of  lock  and  capture  ranges  was  complicated  by 
the  non-availability  of  signal  generators  which  are  capable  of  pro- 
viding a  signal  in  the  intermediate  or  radio  frequency  range  and  can 
be  accurately  varied  about  the  center  frequency  in  increments  of  less 
than  fifty  cycles  per  second.  An  attempt  was  made  to  utilize  laboratory 
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type  signal  generators  in  conjunction  with  frequency  counters,  however, 
the  inherent  instability  of  these  generators  precluded  accurate 
measurements.   This  problem  was  overcome  by  the  use  of  a  frequency 
synthesizer  capable  of  providing  frequencies  from  zero  to  100,000 
cycles  per  second  in  one  cycle  per  second  increments,  A  balanced 
mixer  was  constructed  to  translate  the  output  frequency  of  this  instru- 
ment to  the  ^55  kilocycles  per  second  operating  frequency  of  the  demodu- 
lator.  The  synthesizer  employed  regenerative  frequency  dividers,  and 
one  similar  divider  unit  was  constructed  to  permit  a  highly  stable, 
one  megacycle  per  second  reference  frequency  source  to  provide  a  four 
hundred  kilocycle  per  second  signal  for  injection  to  the  balanced 
mixer.   The  synthesizer  was  adjusted  to  furnish  a  nominal  55  kilocycles 
per  second  output  frequency  which  was  mixed  with  the  four  hundred  kilo- 
cycles per  second  reference  to  obtain  the  desired  output  of  455  kilo- 
cycles per  second.   This  output  was  connected  to  replace  the  Carrier- 
Frequency  Generator  in  the  modulator.   The  synthesizer  frequency  was 
then  varied  to  determine  the  lock  and  capture  frequency  ranges  of  the 
demodulator.   It  was  found  that  once  the  reinserted-carrier  frequency 
was  locked  by  inserting  a  455  kilocycle  per  second  signal  the  phase- 
locking  loop  would  not  unlock  until  the  input  frequency  reached  the 
extremes  of  454.795  and  455-175  kilocycles  per  second,  indicating  that 
a  lock  range  of  580  cycles  per  second  was  achieved.   The  unsymmetrical 
deviations  above  and  below  the  center  frequency  is  attributed  to  im- 
perfect balance  of  the  phase  detector  and  the  non-linear  transfer 
function  of  the  reactance  tube  and  oscillator. 

The  capture  range  was  determined  by  displacing  the  synthesized 
frequency  from  455  kilocycles  per  second  and  slowly  varying  this  fre- 
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quency  toward  ^55  kilocycles  per  second  until  demodulator  locking  was 
achieved,  as  evidenced  "by  the  disappearance  of  a  hetrodyne  note  in 
the  intelligence  output.   It  was  found  that  a  capture  could  be  achieved 
at  the  frequencies  of  U 5^.890  and  4^5 -120  kilocycles  per  second,  indi- 
cating a  capture  range  of  230  cycles  per  second. 

Suppression  of  the  undesired  sideband  was  measured  by  the  following 
method: 

(1)  The  phase-locking  feature  was  disabled  by  positioning  the 
AFC  0N-0FF  switch,  S-2,  in  the  OFF  position. 

(2)  The  frequency  of  the  reinserted  carrier  was  set  to  k^.2 
kilocycles  per  second  by  adjusting  C-27. 

(3)  An  A.C.  voltmeter  was  connected  to  the  grid  of  the  audio- 
frequency power  amplifier  tube,  V-ll. 

(k)   The  output  of  a  radio- frequency  signal  generator  was  connected 
to  the  input  of  the  demodulator. 

(5)  The  frequency  of  the  signal  generator  was  set  to  ^55-0 
kilocycles  per  second  to  provide  an  1800  cycle  per  second 
output  from  the  demodulator. 

(6)  The  reading  of  the  voltmeter  was  observed  and  recorded. 

(7)  The  signal  generator  was  adjusted  to  furnish  an  output  fre- 
quency of  U5I.2  kilocycles  per  second. 

(8)  The  reading  of  the  voltmeter  was  observed  and  recorded. 

(9)  The  suppression  of  the  undesired  sideband  was  obtained  from 
the  difference  of  the  two  voltmeter  readings,   This  value 
was  found  to  be  28  decibels. 

The  ratio  of  input  levels  required  for  synchronizing  and  for  re- 
production of  the  intelligence  information  was  determined  by  the  fol- 
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lowing  procedure: 

(1)  An  A.C.  voltmeter  was  connected  to  the  output  of  the  band- 
pass filter,  F-h,   vhich  is  in  the  Q  channel. 

(2)  The  output  from  the  double-sideband  generator  was  connected 
to  the  input  of  the  demodulator  through  a  variable  attenu- 
ator. 

(j)  The  input  level  to  the  demodulator  was  gradually  increased 
by  reducing  the  attenuator  setting,  until  the  voltmeter 
reading  was  observed  to  increase. 

(h)   The  attenuation  was  further  increased  until  the  voltmeter 
reading  decreased  to  a  null  value.   (This  null  in  the  output 
of  the  Q  channel  to  the  gated  rectifier  indicates  that  phase 
lock  has  been  achieved,  as  can  be  seen  from  Equation  (k6).) 

(5)  The  output  voltage  of  the  attenuator  was  measured  and  found 
to  be  .03  volts. 

(6)  The  output  of  the  single- sideband  generator  portion  of  the 
modulator  was  connected  to  the  input  of  the  demodulator. 
This  generator  was  modulated  with  a  frequency  of  1,000  cycles 
per  second. 

(7)  The  output  level  of  the  single-sideband  generator  was  ad- 
justed until  the  1,000  cycle  per  second  tone  was  clearly 
audible  from  the  loudspeaker  connected  to  the  demodulator 
output . 

(8)  The  output  voltage  of  this  generator  was  measured  and  foui  I 
to  be  0-93  volts. 

(9)  The  ratio  of  power  required  for  synchronizing  to  that  re- 
quired for  audible  intelligence  output  was  determined  as: 


52 


. 


53 


CHAPTER  V 
CONCLUSIONS 

The  results  of  the  system  tests  which  were  described  in  the  pre- 
vious chapter  substantiate  the  theoretical  development  given  in 
Chapter  II.   Many  of  the  significant  problems  which  might  arise  in 
practical  implementation  of  the  hybrid  sideband  system  have  been 
investigated,  and  are  described  in  Chapter  III. 

The  proposed  model  of  the  receiving  system  which  is  described  in 
this  paper  was  based  upon  the  use  of  phasing  techniques  for  elimination 
of  the  undesired  sideband.   This  approach  was  taken  because  the  phase- 
shifted  reinsertion  oscillator  and  quadrature- operated  product  detectors 
that  are  required  for  demodulation  of  single- sideband  signals  by  the 
phasing  method  were  also  required  for  the  basic  phase-locking  circui- 
try.  Although  not  verified  experimentally,  it  should  be  feasible  to 
use  filtering  techniques  for  elimination  of  the  undesired  sideband, 
particularly  if  the  additional  component  cost  is  not  of  prime  importance. 

Use  of  the  hybrid  sideband  system  in  lieu  of  the  single-sideband 
system  will  enable  frequency  stability  requirements  to  be  appreciably 
relaxed.   This  will  reduce  the  procurement  and  maintenance  costs  of 
communication  systems,  and  provide  automatic,  rapid  correction  for 
frequency  shifts  caused  by  Doppler  Effect  when  communicating  with  high 
performance  aircraft. 

The  bandwidth  requirements  of  the  hybrid  sideband  system  are  only 
550  cycles  per  second  greater  than  those  of  the  single-sideband  system 
when  using  voice  transmission  of  frequencies  between  300  and  3000  cycles 
per  second.   This  small  increase  of  bandwidth  appears  to  be  well  justi- 
fied in  view  of  the  advantages  described  in  the  previous  paragraph. 
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The  hybrid  sideband  signal  that  is  transmitted  is  compatable  with 
existing  single  sideband  receiving  equipments.   In  some  instances  it 
may  "be  necessary  to  install  a  filter  in  existing  receivers   to  suppress 
the  synchronizing  tone  frequency,  however,  this  could  easily  be  inserted 
in  the  output  leads  and  located  externally.   The  majority  of  receivers 
should  not  require  this  modification,  as  their  bandpass  characteristics 
will  provide  sufficient  suppression  of  the  synchronizing  tone. 

The  receiver -demodulator  as  employed  with  the  hybrid  sideband 
system  is  completely  compatable  with  the  other  types  of  communications 
systems  in  common  use,  such  as:  single  sideband,  continuous  wave,  and 
frequency  shift.   Reception  of  double- sideband  suppressed  carrier 
signals  and  ordinary  double- sideband  amplitude  modulated  signals,  which 
require  that  the  reinsertion  oscillator  be  phase  locked  with  the  trans- 
mitter frequency  can  be  easily  accomplished  by  disabling  the  two  tuned- 
bandpass  filters  in  the  demodulator  synchronizing  circuit. 

The  transmission  of  a  carrier- frequency  signal  whose  amplitude  is 
reduced  by  about  twenty  decibels  from  that  of  the  intelligence-bearing 
single  sideband  has  been  used  in  conjunction  with  exhalted-carrier  re- 
ceiving techniques  to  provide  a  reinserted  carrier  of  the  proper  fre- 
quency.  A  filter  with  extermely- narrow  bandpass  is  employed  at  the 
receiver  to  separate  the  carrier  frequency  from  the  modulation  fre- 
quencies.  This  carrier-frequency  signal  is  then  amplified  and  applied 
to  a  product  detector. 

Although  it  was  not  verified  experimentally,  the  hybrid- sideband 
system  should  provide  better  operation  than  this  reduced-carrier  system 
under  conditions  of  poor  signal-to-noise  ratio,  as  the  narrow-bandpass 
filters  are  prone  to  ring,  causing  spurious  frequencies  to  be  reinserted 
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at  the  product  detector.   These  spurious  frequencies  will  generate 
distortion  products  which  will  appear  in  the  output  of  the  receiver. 

Although  this  paper  has  treated  only  the  use  of  voice  communications, 
the  ability  of  the  hybrid- sideband  system  to  provide  a  phase-locked  re- 
inserted carrier  can  be  employed  advantageously  for  binary  data  communi- 
cations. 

The  automatic-gain-control  feature  of  the  hybrid-system  demodu- 
lator could  be  achieved  by  using  either  the  intelligence  information 
or  the  synchronizing  signal  as  the  basis  for  the  derivation  of  the 
control  potential.   Use  of  the  former  source  was  selected  as  it  pro- 
vides a  control  potential  which  varies  directly  with  the  level  of  the 
desired  output  of  the  demodulator.   Derivation  of  the  control  potential 
from  the  double- sideband  synchronizing  signal  will  not  provide  the  re- 
quired gain  control  function  under  conditions  of  selective  fading,  as 
the  frequency  used  for  the  synchronizing  information  is  not  contained 
within  the  passband  of  the  intelligence  information.   Under  conditions 
of  selective  fading  the  received  level  of  the  synchronizing  frequency 
can  vary  independently  of  the  frequencies  conveying  the  intelligence 
information,  causing  the  control  potential  to  vary  the  gain  of  the 
reciver  in  a  manner  that  will  not  necessarily  maintain  the  level  of 
the  desired  audio -frequency  output. 

It  was  shown  in  Chapter  II  that  the  proper  operation  of  the  de- 
modulator is  dependent  upon  amplitude  and  phase  balance  between  the  I 
and  Q  channel  circuitry.  Much  work  was  required  to  achieve  this  sym- 
metry while  adjusting  the  laboratory  model,  and  it  is  anticipated  that 
these  requirements  may  complicate  the  production  and  maintenance  of 
this  equipment.   The  laboratory  model  was  found  to  operate  satisfactorily 
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during  a  continuous  three-week  period  after  the  symmetry  requirements 
had  been  achieved,  however,  subsequent  replacement  of  one  of  the  pro- 
duct-detector tubes  necessitated  realignment  of  the  phase-locking  cir- 
cuitry. 

It  is  recommended  that  any  future  work  on  the  hybrid- sideband 
communications  system  include  a  study  of  the  effects  of  selective 
fading  upon  the  frequency  of  the  reinserted  carrier;  and  that  serious 
consideration  be  given  to  the  use  of  filtering  techniques  for  suppres- 
sion of  the  undesired  sideband  in  order  to  reduce  the  number  of  stages 
requiring  critical  phase  and  amplitude  balance. 
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APPENDIX  I 
OPERATION  OF  HYBRID  SYSTEM  DEMODULATOR  WHEN  RECEIVED 
SIGNAL  CONTAINS  A  CARRIER  FREQUENCY  COMPONENT 
The  received  signal  may  be  represented  as: 

The  I  channel  product  detector  receives  "both  e  and  the  oscil- 

s 

lator  injection,  '  .   Output  of  this  detector  is: 

<?*,  s  es*  E  ( 

=  y  [Cos  (2 

[Cos  2  a/.  £J  + 

The  Q,  channel  product  detector  receives  "both  e  and  the  phase- 

s 

shifted  oscillator  injection,  |  I  .      Output  of  this  detector 

is: 


I 


s, 


4 


After  passing  through  the  low-pass  filters  which  succeed  the  pro- 
duct detectors,  the  outputs  "become: 


■ 


•n  -    & 


)  8  i 
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These  two  signals  are  then  treated  by  the  /  and  ,   phase  shifting 
networks.   These  networks  serve  to  advance  the  phase  of  the  Q  channel 
signal  "by  R     degrees,  and  that  of  the  I  channel  signal  by  ,.  +  90. 
The  outputs  of  these  networks  are: 


and  since:  Ccs  (X+'i'c)"-  bin  X    ,    these  may  be  represented  as: 
e^  =  -AE  Sin  (^t+fj)-  y  Sin  (v.t+p) 

These  two  signals  are  applied  to  the  electrical  addition  network.   Out- 
put of  this  network  is: 

ec,'7  r  e*«  +  e^  =  ~bE  Sin  (co>t+p)-A£  Sin  («JS  t+p) 

The  synchronizing  frequency,  UJ,     ,  is  then  filtered  to  obtain  the 
intelligence  output: 

e.u   =  -Dt    Sin  (uJ/t-tp) 

This  output,  which  contains  only  the  desired  information,  is 
seen  to  be  identical  in  form  to  that  obtained  when  the  received  signal 
did  not  contain  the  carrier  frequency  component.   The  operations  per- 
formed by  the  hybrid- sideband  system  demodulator  are  therefore  not 
modified  by  the  presence  of  the  carrier  frequency. 
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APPENDIX  II 
QUALITATIVE  ANALYSIS  OF  THE  GATED  RECTIFIER 
A  simplified  schematic  diagram  of  the  gated  rectifier*is  shown 
belov.  i  q 


The  columns  headed  I  and  Q  are  the  simultaneous  polarity  at  these 

11 

locations  on  the  sketch  shown  above.   The  columns  headed  1  to  h   are 
the  type  of  charge  accumulation  at  the  designated  points  in  the  cir- 
cuit.  The  large  plus  or  minus  sign  is  the  contribution  of  the  I  chan- 
nel and  the  small  plus  or  minus  sign  is  the  contribution  of  the  Q, 
channel . 
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To  obtain  the  polarity  of  the  D.C.  output  from  the  gated  rectifier, 


the  charge  accumulations  shown  in  the  table  above  for  the  applicable 
portions  of  the  modulation  frequency  cycle  are  added.   In  this  process 
a  large  sign  will  cancel  a  large  sign  of  opposite  polarity,  and  a  small 
sign  will  cancel  a  small  sign  of  opposite  polarity.   The  results  of 
this  process  are  shown  below. 


Si  gnal 

Conditions 
to  be 
Added 

Output  Voltage  of 
Gated  Rectifier 

I  signal  only 

5  &  6 

Zero 

I  and  Q  signals  in 
phase 

1  &  2 

Negative 

I  and  Q,  signals  in  anti- 
phase 

3  &  h 

Positive 

I  and  Q  signals  in  quadra- 
ture 

1,  2, 

3  &  k 

Zero 

Equations  (45)  and  (46)  show  that  the  I  and  Q  channel  inputs  to 
the  gated  rectifier  are  in  quadrature  when  the  reinserted  carrier  is 
phase-locked  to  the  incoming  carrier  signal.   From  the  above  table 
it  can  be  seen  that  this  condition  will  produce  no  output  from  the 
gated  rectifier,  causing  the  reinsertion  oscillator  to  be  in  a  quiescent 
condition  when  phase  lock  is  achieved. 


*The  contents  of  this  appendix  were  taken  from  Nupp  [Tl- 
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